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Abstract: 
Vibrational spectroscopy has been used to assess the structure of kotoite a borate mineral of 
magnesium which is isostructural with jimboite.  The mineral is orthorhombic with point 
group: 2/m 2/m 2/m. The mineral has the potential as a new memory insulator material.   
The mineral has been characterised by a combination of Raman and infrared spectroscopy. 
The Raman spectrum is dominated by a very intense band at 835 cm-1, assigned to the 
symmetric stretching mode of tetrahedral boron.  Raman bands at 919, 985 and 1015 cm-1 are 
attributed to the antisymmetric stretching modes of tetrahedral boron.   
Kotoite is strictly an hydrous borate mineral.  An intense Raman band observed at 3559 cm-1 
is attributed to the stretching vibration of hydroxyl units, more likely to be associated with the 
borate mineral hydroxyborate.  The lack of observation of water bending modes proves the 
absence of water in the kotoite structure.  
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Introduction 
The mineral kotoite Mg3(BO3)2 is a magnesium borate mineral [1, 2].  It is an uncommon 
mineral typically formed in the contact zone of magnesium-rich skarn borate deposits [3]. 
The mineral was first identified by Watanabe in 1939  [4].The genesis and composition of 
ore-forming magnesian borates has been reported [5]. Barsukov and Deryugina [6] reported 
the formation kotoite-szaibelyite solid solutions.  The mineral kotoite as for Pinnoite 
Mg[B2O(OH)6] [7] is a hydroxy magnesium borate [8] and may be used as a source of boron 
[9-12].  The mineral or at least its synthetic analogue has the potential for the synthesis of 
nanomaterials [13].  Kotoite is only one of at least 14 borate minerals of magnesium, many of 
which have the potential to form nanomaterials.   
 
The mineral is orthorhombic with point group: 2/m 2/m 2/m.  The cell data is space Group: 
Pnmn, a = 5.401, b = 8.422,  c = 4.507 and Z = 2.  Effenberger and Pertlik, refined the crystal 
structure of kotoite [2].  Synthesis of kotoite and related minerals has been forthcoming [14-
16].  Raman spectroscopy has proven most useful for the study of secondary minerals. To the 
best of the authors’ knowledge, there have been very few vibrational spectroscopic studies of 
kotoite and no Raman studies of this mineral have been forthcoming.  The objective of this 
paper is to report the Raman and infrared spectra of  kotoite and relate the spectra to the 
molecular chemistry and the crystal chemistry of this borate mineral. The paper follows the 
systematic research on Raman and infrared spectroscopy of secondary minerals containing 
oxy-anions formed in the oxidation zone.  In this research, we have characterised a natural 
kotoite using Raman and infrared spectroscopy and relate the spectra to the structure of the 
mineral.   
 
Experimental 
Mineral 
The kotoite mineral was obtained from The Mineralogical Research Company. Details of the 
mineral have been published (page 370, Vol. 5) [17].  The mineral origin was from Italy.  A 
spectrum of kotoite is included in the RRUFF data base at http://rruff.info/Kotoite. However 
the spectrum is very noisy and is basically not useful.  
 
Raman spectroscopy 
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Crystals of kotoite were placed on a polished metal surface on the stage of an Olympus 
BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The microscope is 
part of a Renishaw 1000 Raman microscope system, which also includes a monochromator, a 
filter system and a CCD detector (1024 pixels). The Raman spectra were excited by a 
Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 nm and 
collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range between 
100 and 4000 cm-1. Repeated acquisitions on the crystals using the highest magnification 
(50x) were accumulated to improve the signal to noise ratio of the spectra. Spectra were 
calibrated using the 520.5 cm-1 line of a silicon wafer.  The Raman spectrum of at least 10 
crystals was collected to ensure the consistency of the spectra.   
 
Infrared spectroscopy 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 
obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.  The infrared spectra 
are given in the supplementary information.   
 
Spectral manipulation such as baseline correction/adjustment and smoothing were performed 
using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, 
USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software package 
that enabled the type of fitting function to be selected and allows specific parameters to be 
fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-product 
function with the minimum number of component bands used for the fitting process. The 
Gaussian-Lorentzian ratio was maintained at values greater than 0.7 and fitting was 
undertaken until reproducible results were obtained with squared correlations of r2 greater 
than 0.995.  
 
Results and Discussion 
The Raman spectrum of kotoite over the 100 to 4000 cm-1 spectral range is displayed in 
Figure 1a.  This spectrum reports the position and relative intensity of the individual Raman 
bands. The most intense band is in the OH stretching region. In the spectrum, there are 
obvious spectral regions in which no intensity is observed. Thus, the spectra are divided into 
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sections for more detailed analysis depending upon the type of vibrations being observed.  
The infrared spectrum over the 550 to 4000 cm-1 spectral range is shown in Figure 1b.  
Compared with the Raman spectrum, much greater intensity is found. As with the Raman 
spectrum, the infrared spectrum is subdivided into sections for more detailed analysis, 
depending on the type of vibration being observed.   
 
The Raman spectrum of kotoite in the 800 to 1400 cm-1 spectral range is displayed in Figure 
2a.  The infrared spectrum over the 500 to 1300 cm-1 spectral range is displayed in Figure 2b.  
The Raman spectrum shows a very intense band at 835 cm-1.  This band is assigned to the 
symmetric stretching mode of tetrahedral boron.  Apart from some Raman studies of borate 
glasses [18-23], there are almost no reported studies of borate minerals.  Ross in Farmer’s 
treatise tabulated the spectral range of various vibrational modes [24].  The Raman bands at 
919, 985 and 1015 cm-1 are assigned to the antisymmetric stretching modes of tetrahedral 
boron.  Raman bands are observed at 1186, 1266 and 1284 cm-1.  These bands are attributed 
to BOH in-plane bending modes. Ross in Farmer’s treatise tabulated the spectral range of 
various vibrational modes (Table 11 VIII) [24].  Ross defined the spectra regions for various 
bands for trigonal and tetrahedral boron.   
The symmetric stretching mode is observed as a low intensity infrared band at 833 cm-1 with 
a second band at 841 cm-1.  The three bands assigned to the tetrahedral borate 
antisymmetrical stretching modes are also found in the infrared spectrum at 920, 978 and 
1012 cm-1.  The borate bending modes which are of low intensity in the Raman spectrum are 
now very intense in the infrared spectrum with resolved bands identified at 1141, 1211, 1272 
and 1292 cm-1.    
The Raman spectrum of kotoite in the 300 to 800 cm-1 spectral range and in the 100 to 300 
cm-1 spectral range are displayed in Figures 3a and 3b. The spectrum in the 300 to 800 cm-1 
spectral range is dominated by an intense Raman band at 625 cm-1 with shoulder bands at 
610, 636 and 648 cm-1.  These bands are assigned to the bending modes of trigonal and 
tetrahedral boron.  These bands are also reflected in the infrared spectrum (Figure 2a). The 
equivalent infrared bands are observed at 626 cm-1 with other bands at 643, 653, 678, 703 and 
717 cm-1.  Raman bands at 325 cm-1 with shoulders at 301 and 343 cm-1 are attributed to 
metal oxygen stretching vibrations. A number of bands are observed in the far low 
wavenumber region. These bands are assigned to lattice vibrations.   
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The Raman spectrum in the 2400 to 3800 cm-1 spectral region is reported in Figure 4a.  This 
spectral region is where the OH stretching vibrations are found. The equivalent infrared 
spectrum is illustrated in Figure 4b.  A very intense Raman band is observed at 3559 cm-1. 
This band is assigned to the OH stretching vibrations. Strictly, kotoite according to the data 
available does not have any OH units in the structure.  There is another hydroxy borate 
mineral known as hydroxyborate [25] which is of an almost identical formula apart from the 
OH units.  Other very low intensity Raman bands are found at 3519 and 3569 cm-1. These 
bands are also attributed to OH stretching vibrations.  A very strong band is also found in the 
infrared spectrum at 3560 cm-1, and is attributed to the OH stretching vibration.  Infrared 
shoulder bands at 3332 and 3473 cm-1 are attributed to water stretching bands.  These bands 
may be attributed to adsorbed water molecules, adsorbed on the surfaces of the mineral 
kotoite.  Other low intensity infrared bands are found at 2763, 2862, 2914 and 2993 cm-1.  
These bands may be allocated to organic impurities.  Low intensity bands found in the Raman 
spectrum are also observed at 2767 and 2959 cm-1 and are also attributed to organic 
impurities.   
The Raman spectrum in the 1400 to 1800 cm-1 spectral range is displayed in Figure 5a. No 
water bending modes are observed at around 1630 cm-1, thus indicating the absence of water 
in the structure.  Two bands are observed in the Raman spectrum at 1461 and 1520 cm-1. The 
infrared spectrum in the 1300 to 1800 cm-1 region is reported in Figure 5b.  A very low 
intensity infrared band at 1634 cm-1 is found and is attributed to the water bending mode of 
the adsorbed water molecules. The spectral profile may be deconvoluted into bands at 1362, 
1404 and 1474 cm-1.   These bands may be attributed to the antisymmetric stretching modes 
of trigonal boron.  Farmer reported the expected position of borate vibrational modes [24]. 
The antisymmetric stretching bands of trigonal boron are predicted to be in the 1300 to 1500 
cm-1 region [24].   
Conclusions  
There are many borate minerals which have yet to have their vibrational spectrum determined 
and the molecular structure assessed in terms of their vibrational spectrum. In this work we 
have measured the Raman and infrared spectrum of kotoite Mg3(BO3)2 over the complete 
spectral range (as may be compared with the RRUFF spectrum). Kotoite crystals are short 
dipyramidal or prismatic with prominent pyramidal terminations. Crystal structures 
characterized by chains of edge-sharing Mg3+O6 octahedra. 
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The Raman spectrum is dominated by a very intense band at 835 cm-1, assigned to the 
symmetric stretching mode of tetrahedral boron.  Raman bands at 919, 985 and 1015 cm-1 are 
attributed to the antisymmetric stretching modes of tetrahedral boron.  Raman bands observed 
at 1186, 1266 and 1284 cm-1 are attributed to BOH in-plane bending modes. Kotoite is 
strictly an hydrous borate mineral with no OH units.  However, a very intense Raman band 
observed at 3559 cm-1 is attributed to the stretching vibration of hydroxyl units.  This band is 
more likely to be associated with hydroxyborate.   
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List of Figures 
 
Figure 1 (a) Raman spectrum of kotoite in the 100 to 4000 cm-1 region (b) infrared spectrum 
of kotoite in the 500 to 4000 cm-1 region.  
 
Figure 2 (a) Raman spectrum of kotoite in the 800 to 1400 cm-1 region (b) infrared spectrum 
of kotoite in the 500 to 1300 cm-1 region.  
 
Figure 3 (a) Raman spectrum of kotoite in the 300 to 800 cm-1 region (b) Raman spectrum of 
kotoite in the 100 to 300 cm-1 region 
 
Figure 4 (a) Raman spectrum of kotoite in the 2400 to 3800 cm-1 region (b) infrared spectrum 
of kotoite in the 2500 to 3700 cm-1 region.  
 
Figure 5 (a) Raman spectrum of kotoite in the 1400 to 1800 cm-1 region (b) infrared spectrum 
of kotoite in the 1300 to 1800 cm-1 region.  
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